Many researchers have performed experimental and theoretical studies on the shear behavior of steel fiber reinforced concrete (SFRC) beams with conventional reinforcement; few studies involve the shear behavior of SFRC beams with high-strength reinforcement. In this paper, the shear test of eleven beams with high-strength reinforcement was carried out, including eight SFRC beams and three reinforced concrete (RC) beams. The load-deflection curve, concrete strain, stirrup strain, diagonal crack width, failure mode and shear bearing capacity of the beams were investigated. The test results show that steel fiber increases the stiffness, ultimate load and failure deformation of the beams, but the increase effect of steel fiber decreases with the increase of stirrup ratio. After the diagonal crack appears, steel fiber reduces the concrete strains of the diagonal section, stirrup strains and diagonal crack width. In addition, steel fiber reduces crack height and increases crack number. 
Introduction
With the increase of large-scale structures such as high-rise buildings and large-span bridges, the requirements for the strength and performance of materials have become higher and higher. For steel bars, the high-strength reinforcement with high strength, great corrosion resistance and good ductility is used to replace the conventional reinforcement in concrete structures, which can reduce the total amount of reinforcement and increase the spacing of reinforcement, thereby reducing construction difficulty and ensuring concrete pouring quality [1] [2] [3] .
In recent years, many scholars have done large numbers of experimental studies on the shear behavior of beams with high-strength reinforcement. Munikrishma et al. [4, 5] tested the shear behavior of RC beams with high-strength stirrups (yield strength of 690 MPa) and conventional stirrups (yield strength of 413 MPa). When the shear capacities of the beams were approximately equal, the required number of high-strength stirrups was less than that of conventional stirrups. Lee [6] tested the simple supported beams with different strength of concrete and stirrups (yield strengths of 334 MPa, 480 MPa, and 667 MPa, respectively). The results show that when the concrete strength of the beams is the same, the higher the yield strength of the stirrups, the greater the shear capacity. Sumper [7] compared the simple supported beams with high-strength reinforcement (yield strength of 827 MPa) and conventional reinforcement (yield strength of 427 MPa). The results indicate that the Note: W/B is the water cement ratio and Vf is the volume fraction of steel fiber. 
Details of Experimental Specimen
According to CECS38:2004 [30] , eight SFRC beams with high-strength reinforcement and three RC beams with high-strength reinforcement were produced. The length, width and height of all test beams were 2100 mm, 150 mm and 300 mm, respectively, and the shear span ratio were 2. The longitudinal bars were two steel bars with a diameter of 25 mm, the reinforcement ratio of longitudinal bars was 2.52%, and the concrete cover depths of all the beams were 20 mm. Two major variables considered in this study were the stirrup ratio (ρsv = 0, 0.335%, 0.447%) and fiber volume fraction (Vf = 0, 0.5%, 1%, 1.5%, 2%), the beams with the stirrup ratio of 0 or 0.335% contained five fiber volume fractions (Vf = 0, 0.5%, 1%, 1.5%, 2%), and the dimension and reinforcement details are shown in Table 3 and Figure 2 . 
According to CECS38:2004 [30] , eight SFRC beams with high-strength reinforcement and three RC beams with high-strength reinforcement were produced. The length, width and height of all test beams were 2100 mm, 150 mm and 300 mm, respectively, and the shear span ratio were 2. The longitudinal bars were two steel bars with a diameter of 25 mm, the reinforcement ratio of longitudinal bars was 2.52%, and the concrete cover depths of all the beams were 20 mm. Two major variables considered in this study were the stirrup ratio (ρ sv = 0, 0.335%, 0.447%) and fiber volume fraction (V f = 0, 0.5%, 1%, 1.5%, 2%), the beams with the stirrup ratio of 0 or 0.335% contained five fiber volume fractions (V f = 0, 0.5%, 1%, 1.5%, 2%), and the dimension and reinforcement details are shown in Table 3 and Figure 2 . Figure 3 shows a schematic diagram of the loading of the test beam, and the test was carried out according to GB/T50152-2012 [35] . The maximum capacity of the jack (Hongshan Testing Machine Co., Ltd., Tianshui, China) in the test was 600 kN. 5 kN was a loading level before the diagonal section cracking, 15 kN was a loading level after the diagonal section cracking, and 5 kN was a loading level when the beam was close to failure. The number of the loading level for each beam was about ten, and all test beams were designed for shear failure. The sizes of the loading plates and supports were 250 mm (length) × 100 mm (width) × 40 mm (height). Figure 3 shows a schematic diagram of the loading of the test beam, and the test was carried out according to GB/T50152-2012 [35] . The maximum capacity of the jack (Hongshan Testing Machine Co., Ltd., Tianshui, China) in the test was 600 kN. 5 kN was a loading level before the diagonal section cracking, 15 kN was a loading level after the diagonal section cracking, and 5 kN was a loading level when the beam was close to failure. The number of the loading level for each beam was about ten, and all test beams were designed for shear failure. The sizes of the loading plates and supports were 250 mm (length) × 100 mm (width) × 40 mm (height). As shown in Figure 3 , LVDTs (Liyang city instrument and meter plant, Liyang, China) were arranged at the midspan, loading points and supports for measuring the vertical displacement there. The position of concrete strain gauges and reinforcement strain gauges (Jinli sensing element factory, Xingtai, China) are shown in Figures 2 and 4 , respectively. The white pieces orthogonal to the diagonal line in Figure 4 are concrete strain gauges, and the red short line in Figure 2 are reinforcement strain gauges, which were used to measure the tensile strain of the concrete and reinforcement. The first letter C and S of the strain gauge name represent concrete and steel bar, respectively. 
Test Procedure and Data Collection

Experimental Results and Data Analysis
Load-Deflection Curve
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All the beams exhibited diagonal shear failure as designed, and the load-deflection curves obtained from the test are shown in Figure 5 . Figure 5a ,b show the load-deflection curves of the beams with stirrups ratios of 0 and 0.335%, respectively. It can be seen that for the test beams without stirrups, the overall slope of the curve at ascending stage and the shear capacity were improved with increasing fiber volume fraction, indicating that steel fiber increases the stiffness and shear capacity of the beam. The reason for the increase in stiffness is that steel fiber increases the elastic modulus of concrete and the tensile stiffness. However, the effect of steel fiber on the elastic modulus is small (as shown in Table 3 ), and Ashour [36] points out that the stiffness of RC beam increases insignificantly with the increase of elastic modulus of concrete, because the height of concrete compressive zone decreases as the elastic modulus increases. Therefore, the influence of elastic modulus on stiffness can be ignored, and the stiffness of SFRC beam is higher than that of RC beam due to the effect of steel fiber in tensile zone. The result is also obtained by Yoo [18] and Meda [12] in their experimental studies. Similarly, for the beam with stirrups ratio 0.335%, steel fiber also increased the stiffness and shear capacity, but the effect of steel fiber on the beam with stirrups was less than that for the beam without stirrups, and it became significant only when the fiber volume fraction was not less than 1.5%. In addition, the steel fiber significantly increased the corresponding deflections when the beam without stirrups reached its ultimate load and failure. Although the steel fiber also increased both the deflections of ultimate load and failure for the beams with stirrups, the increments were less than 42%. The above results show that the steel fiber increases the stiffness of the test beams, as well as the deformation at failure, which means it reduces the brittleness of diagonal shear failure. modulus increases. Therefore, the influence of elastic modulus on stiffness can be ignored, and the stiffness of SFRC beam is higher than that of RC beam due to the effect of steel fiber in tensile zone. The result is also obtained by Yoo [18] and Meda [12] in their experimental studies. Similarly, for the beam with stirrups ratio 0.335%, steel fiber also increased the stiffness and shear capacity, but the effect of steel fiber on the beam with stirrups was less than that for the beam without stirrups, and it became significant only when the fiber volume fraction was not less than 1.5%. In addition, the steel fiber significantly increased the corresponding deflections when the beam without stirrups reached its ultimate load and failure. Although the steel fiber also increased both the deflections of ultimate load and failure for the beams with stirrups, the increments were less than 42%. The above results show that the steel fiber increases the stiffness of the test beams, as well as the deformation at failure, which means it reduces the brittleness of diagonal shear failure. Figure 5c shows the load-deflection curves of RC beams with different stirrup ratio. It can be seen that the stirrups significantly increased the stiffness, ultimate load and damaged deflection of the test beam when the stirrup ratio increased from 0 to 0.335%. However, when the stirrup ratio continued to increase to 0.447%, the ultimate load increased by less than 4%.
In a word, both steel fiber and stirrups can improve the stiffness, ultimate load and damaged deflection of the beams, so RC beams with steel fiber or stirrups have a certain plastic deformation before the failure. The effect of steel fiber on the shearing mechanical properties of the beam without stirrups is obvious, but the stirrups reduce the improvement of the steel fiber. Therefore, it can be considered that the steel fiber can achieve the improvement of the stirrups on the shearing mechanical behavior of the beam.
Tensile Concrete Strain
The load-concrete strain curves of 11 test beams obtained from four concrete strain gauges along the diagonal section ( Figure 4 ) are shown in Figure 6 .
In the test, it was observed that the diagonal crack at the web of the beam first appeared near the midpoint of the beam height. With the increase of load, the crack simultaneously extended to the directions of the loading point and support point. When a concrete strain increases faster than before, it means the crack extends to this measured point. If the difference between the cracking loads of the measured points is small, it indicates that the extension of the crack is rapid. And the increase speed of the concrete strain represents the development speed of the crack width. Figure 6a shows the load-concrete strain curves of RC beam without stirrups. It can be seen from the diagram that after the cracking of the diagonal section, the four concrete strain gauges almost simultaneously increased rapidly and then failed to work. This indicates that as soon as the diagonal shear crack occurs at the web of the beam S0000, it extends very fast, and the crack width increased rapidly. After steel fiber was added in the beam, the cracking load of the diagonal section increased. And when the diagonal section of SFRC beams without stirrups cracked, the concrete strains at four measuring points almost rapidly increased at the same time (as shown in Figure 6b-d) . However, compared with the beam S0000, the concrete strains underwent a gradual improvement with the increase of the load, and the degree of improvement varied with the steel fiber volume fraction, which were roughly 2 to 3 times that of the test beam S0000. It shows that steel fiber increases the diagonal cracking load, reduces the widening speed of the diagonal crack at the web of the beam, and increases the degree of concrete bearing in tension, but it is not effective to control the extension of the crack. Figure 5c shows the load-deflection curves of RC beams with different stirrup ratio. It can be seen that the stirrups significantly increased the stiffness, ultimate load and damaged deflection of the test beam when the stirrup ratio increased from 0 to 0.335%. However, when the stirrup ratio continued to increase to 0.447%, the ultimate load increased by less than 4%.
In the test, it was observed that the diagonal crack at the web of the beam first appeared near the midpoint of the beam height. With the increase of load, the crack simultaneously extended to the directions of the loading point and support point. When a concrete strain increases faster than before, it means the crack extends to this measured point. If the difference between the cracking loads of the measured points is small, it indicates that the extension of the crack is rapid. And the increase speed of the concrete strain represents the development speed of the crack width. Figure 6a shows the load-concrete strain curves of RC beam without stirrups. It can be seen from the diagram that after the cracking of the diagonal section, the four concrete strain gauges almost simultaneously increased rapidly and then failed to work. This indicates that as soon as the diagonal shear crack occurs at the web of the beam S0000, it extends very fast, and the crack width increased rapidly. After steel fiber was added in the beam, the cracking load of the diagonal section increased. And when the diagonal section of SFRC beams without stirrups cracked, the concrete strains at four measuring points almost rapidly increased at the same time (as shown in Figure 6b-d) . However, compared with the beam S0000, the concrete strains underwent a gradual improvement with the increase of the load, and the degree of improvement varied with the steel fiber volume fraction, which were roughly 2 to 3 times that of the test beam S0000. It shows that steel fiber increases the diagonal cracking load, reduces the widening speed of the diagonal crack at the web of the beam, and increases the degree of concrete bearing in tension, but it is not effective to control the extension of the crack. 
(k) S0400 Load-concrete strain curves of RC beams with stirrups are shown in Figure 6f ,k. Similar to the curves of SFRC beams without stirrups, the concrete strain increased gradually with the increase of load after it entered the rapid growth stage, but the concrete strains did not enter the rapid growth stage at the same time; that is, the cracking loads at four measuring points were obviously different. The results show that the addition of stirrups reduces the increase speed of concrete strain and increases the difference between the cracking loads of the measuring points, speculating that the stirrups effectively restrained the expansion and extension of the diagonal crack at the web.
For the test beams containing both stirrups and steel fiber, the corresponding loads were great when the four concrete strains entered the rapid growth stage, and the difference between the cracking loads was more obvious than that of the beams with stirrups and without steel fiber ( Figure  6g,h,j) . Besides, the growing degree of concrete strains were further enlarged. This indicates that the expansion and extension of the diagonal crack at the web are further restrained by the combined effect of steel fiber and stirrups. Figure 7 shows the load-stirrup strain curves of the test beams with stirrups, which was measured by the strain gauges attached to the stirrups along the diagonal section (Figure 2) . From Figure 7a ,f, it can be seen that the development of the stirrup strain is similar for the two test beams with different stirrup ratios. The stirrup strains were little before the initial diagonal cracking, and the tension was mainly resisted by the concrete at this stage. When the diagonal section cracked, the stirrup strains increased suddenly. This is mainly because the concrete around the stirrups was cracked and no longer bore the load, resulting in a sudden increase of the tension borne by the stirrups. As the load increased, the stirrup strains increased rapidly, especially the strain of the stirrup at the mid-point section of the shear span. After yielding, as the load increased slightly, the stirrup strains continued to increase rapidly. In contrast, for the beam with large stirrup ratio, the stirrup strain increased slowly, and the strain value was small when damaged. Load-concrete strain curves of RC beams with stirrups are shown in Figure 6f ,k. Similar to the curves of SFRC beams without stirrups, the concrete strain increased gradually with the increase of load after it entered the rapid growth stage, but the concrete strains did not enter the rapid growth stage at the same time; that is, the cracking loads at four measuring points were obviously different. The results show that the addition of stirrups reduces the increase speed of concrete strain and increases the difference between the cracking loads of the measuring points, speculating that the stirrups effectively restrained the expansion and extension of the diagonal crack at the web.
Stirrup Strain
For the test beams containing both stirrups and steel fiber, the corresponding loads were great when the four concrete strains entered the rapid growth stage, and the difference between the cracking loads was more obvious than that of the beams with stirrups and without steel fiber (Figure 6g,h,j) . Besides, the growing degree of concrete strains were further enlarged. This indicates that the expansion and extension of the diagonal crack at the web are further restrained by the combined effect of steel fiber and stirrups. Figure 7 shows the load-stirrup strain curves of the test beams with stirrups, which was measured by the strain gauges attached to the stirrups along the diagonal section (Figure 2) . From Figure 7a ,f, it can be seen that the development of the stirrup strain is similar for the two test beams with different stirrup ratios. The stirrup strains were little before the initial diagonal cracking, and the tension was mainly resisted by the concrete at this stage. When the diagonal section cracked, the stirrup strains increased suddenly. This is mainly because the concrete around the stirrups was cracked and no longer bore the load, resulting in a sudden increase of the tension borne by the stirrups. As the load increased, the stirrup strains increased rapidly, especially the strain of the stirrup at the mid-point section of the shear span. After yielding, as the load increased slightly, the stirrup strains continued to increase rapidly. In contrast, for the beam with large stirrup ratio, the stirrup strain increased slowly, and the strain value was small when damaged. For SFRC beams with stirrups, the measured load-stirrup strain curves are shown in Figure 7b e. It can be seen that the development of the stirrup strains of SFRC beams are basically the same as that of RC beam S0300; the stirrup strains of the two measuring points were small before the cracking of diagonal section, and the strain S-1 increased rapidly as the load increased slightly after yielding. But there were differences between the curves of SFRC beams and beam S0300. Compared with RC beam S0300, the degree of slope reduction of the curves for SFRC beams was not as severe as that of RC beam S0300 when the diagonal section was cracking, and the larger the steel fiber volume fraction, the smaller the increase of the stirrup strain. This is because the steel fiber at the diagonal crack takes part of the tensile force and reduces the stirrup stress. After the diagonal section cracking, the strains of the beam S0300 at the two measured points were obviously different, while the strains of SFRC For SFRC beams with stirrups, the measured load-stirrup strain curves are shown in Figure 7b -e. It can be seen that the development of the stirrup strains of SFRC beams are basically the same as that of RC beam S0300; the stirrup strains of the two measuring points were small before the cracking of diagonal section, and the strain S-1 increased rapidly as the load increased slightly after yielding. But there were differences between the curves of SFRC beams and beam S0300. Compared with RC beam S0300, the degree of slope reduction of the curves for SFRC beams was not as severe as that of RC beam S0300 when the diagonal section was cracking, and the larger the steel fiber volume fraction, the smaller the increase of the stirrup strain. This is because the steel fiber at the diagonal crack takes part of the tensile force and reduces the stirrup stress. After the diagonal section cracking, the strains of the beam S0300 at the two measured points were obviously different, while the strains of SFRC beams were still close at the early stage. This is caused by the fact that the steel fiber in concrete resists and transfers stresses, so that the stirrups at different sections of shear span are averagely stressed and resisted shear force together. Besides, the strain growths of S-2 for SFRC beams from yielding to failure were less than that of RC beam S0300. This is because that steel fiber reduces the increase of crack width at failure, resulting in the decrease of stirrup stress growth.
Diagonal Crack Width
The load-maximum diagonal crack width curves of the test beams are shown in Figure 8 . Figure 8a shows the load-maximum diagonal crack width curves of the beams without stirrup. It can be seen from the diagram that the diagonal crack width of RC beam S0000 rapidly expanded to 0.08 mm after cracking, while the crack width of SFRC beams were not greater than 0.06 mm, indicating that steel fiber can reduce the width of the initial diagonal crack. Before the test beam S0000 was loaded to 140 kN, the width of the diagonal crack increased rapidly. After that, no new cracks were formed, and the width of the diagonal crack increased further. Compared with the beam S0000, the maximum width of the diagonal crack of SFRC beams under the same load were reduced due to the bonding and anchoring effect of the steel fiber at the crack. beams were still close at the early stage. This is caused by the fact that the steel fiber in concrete resists and transfers stresses, so that the stirrups at different sections of shear span are averagely stressed and resisted shear force together. Besides, the strain growths of S-2 for SFRC beams from yielding to failure were less than that of RC beam S0300. This is because that steel fiber reduces the increase of crack width at failure, resulting in the decrease of stirrup stress growth.
The load-maximum diagonal crack width curves of the test beams are shown in Figure 8 . Figure  8a shows the load-maximum diagonal crack width curves of the beams without stirrup. It can be seen from the diagram that the diagonal crack width of RC beam S0000 rapidly expanded to 0.08 mm after cracking, while the crack width of SFRC beams were not greater than 0.06 mm, indicating that steel fiber can reduce the width of the initial diagonal crack. Before the test beam S0000 was loaded to 140 kN, the width of the diagonal crack increased rapidly. After that, no new cracks were formed, and the width of the diagonal crack increased further. Compared with the beam S0000, the maximum width of the diagonal crack of SFRC beams under the same load were reduced due to the bonding and anchoring effect of the steel fiber at the crack. In the early stage of diagonal crack development, the addition of steel fiber reduced the growth rate of the diagonal crack width, and the slopes of the load-maximum diagonal crack width curves decreased significantly. However, in the later stage, the diagonal crack width of SFRC beams grew faster than before, and the slopes of the load-maximum diagonal crack width curves were close to the beam S0000. In addition, when the fiber volume fraction of the beam increased from 0 to 1%, the effect of steel fiber on the diagonal crack width increased significantly, but it had less growth while In the early stage of diagonal crack development, the addition of steel fiber reduced the growth rate of the diagonal crack width, and the slopes of the load-maximum diagonal crack width curves decreased significantly. However, in the later stage, the diagonal crack width of SFRC beams grew faster than before, and the slopes of the load-maximum diagonal crack width curves were close to the beam S0000. In addition, when the fiber volume fraction of the beam increased from 0 to 1%, the effect of steel fiber on the diagonal crack width increased significantly, but it had less growth while the fiber volume fraction increased from 1% to 2%.
For RC beam with stirrup ratio of 0.335%, the steel fiber could also reduce the width of the diagonal crack, and the larger the steel fiber volume fraction was, the more the crack width decreased, as shown in Figure 8b . The diagonal crack width of SFRC beams with stirrups developed slowly at the beginning, and gradually became fast at the later stage. Due to the joint action of the stirrups and the steel fibers, the slow increase stages of the crack width for SFRC beams with stirrups were significantly longer, which were roughly 1.5 times that of SFRC beams without stirrups, and the slopes of the curves for the former were greater than that of the latter, that is, the diagonal crack width increased slower. Figure 8c shows the load-maximum diagonal crack width curves of RC beams with different stirrup ratios. It can be seen from the diagram that the stirrups could also reduce the width of the diagonal crack, and the greater the stirrup ratio was, the more the crack width decreased. Compared with steel fiber, the stirrups played a greater role in controlling the development of the diagonal crack at the later stage, this is because the continuous stirrups are more effective in resisting high tensile stress than the discontinuous steel fiber.
Failure Modes
In the test, it was found that all the beams had a similar failure process, and the failure modes were not affected by the stirrup and steel fiber. The main process can be described as follows: when the applied load was 40-70 kN, small vertical cracks first appeared at the bottom of the beam between the loading points; as the load increased, more vertical cracks came out, and vertical cracks began to appear at the bottom of the shear span. When the load increased further, the vertical cracks in the shear span develop diagonally upward toward the loading points, forming flexure-shear cracks, and then the diagonal cracks were formed at the web of the beam in shear span. After this, the diagonal crack at the web continuously extended to the directions of loading point and support as the load increased. When the applied load was close to the ultimate load, the diagonal crack at the web of the beam extended to the vicinity of the loading point and support, and the width of the diagonal crack increased rapidly. Finally, the steel fiber was gradually pulled out until the concrete was crushed at the loading point, and the test beam was damaged.
The failure modes of four experimental beams are shown in Figure 9 . It can be seen from the figure that the addition of steel fiber caused more vertical cracks and diagonal cracks in the test beam, and the crack spacing was reduced because the steel fiber transferred the higher stress at the crack section to the surrounding concrete matrix. In the process, more cracks are generated between existing cracks, or more branch cracks are generated. At the same time, steel fiber reduced the crack height, especially the height of vertical cracks between the loading points. In addition, the experimental phenomenon showed that, when the beam was damaged, the concrete of RC beams had obvious spalling at the loading point, but the deformation capacity of concrete in SFRC beams were improved by the bridging effect of steel fiber [37, 38] , which effectively prevented the concrete crushing and spalling at the compression zone.
existing cracks, or more branch cracks are generated. At the same time, steel fiber reduced the crack height, especially the height of vertical cracks between the loading points. In addition, the experimental phenomenon showed that, when the beam was damaged, the concrete of RC beams had obvious spalling at the loading point, but the deformation capacity of concrete in SFRC beams were improved by the bridging effect of steel fiber [37, 38] , which effectively prevented the concrete crushing and spalling at the compression zone. 
The Analysis of Shear Capacity
Effect of Fiber Volume Fraction
The shear capacities of all the beams from the test are shown in Figure 10 and Table 3 . It was found that when the stirrup ratio was the same, the shear capacities of the beams were improved by increasing the fiber volume fraction, except for the beams with a fiber volume fraction of 2%. The main reason is that when the fiber volume fraction is 2%, there are more defects in concrete because of too many steel fibers, and the tensile strength of SFRC (Vf = 2%) is less than that of SFRC (Vf = 1.5%). So the shear capacity after Vf = 1.5% dropped. For the test beams without stirrups, the steel fiber significantly increased the shear capacity. When the steel fiber volume fraction was 0.5%, 1.0%, 1.5%, 2.0%, the shear capacity increased by 21.5%, 49.1%, 67.9%, and 60.7%, respectively. Compared to the beams without stirrups, the effect of steel fiber on the shear capacity of the beam with stirrups was smaller. When the steel fiber volume fraction was 0.5%, 1%, 1.5%, 2%, the shear capacity of the test beam was only increased by 3.7%, 8.7%, 24.6%, and 12.7%, respectively. The phenomenon that the shear capacities of the beams were improved by increasing the fiber volume fraction can be explained by the classical mechanical model provided by Swamy [39] . In addition, the results indicate that the effect of steel fiber on the shear capacity decreases with the increase of the stirrup ratio. This is due to the fact that the combined use of steel fiber and stirrups further restrains the crack development, it is not conducive to giving full play to the shear resistance of steel fiber. 
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Effect of Stirrup Ratio
For RC beams with high-strength reinforcement, the larger the stirrup ratio, the greater the shear capacity, as shown in Figure 11 . When the stirrup ratio increased from 0 to 0.335%, the shear capacity increased by 87.7%, indicating that the stirrups have a significant effect when the reinforcement ratio is relatively small. However, the shear capacity increased by only 3.3% while increasing the 
For RC beams with high-strength reinforcement, the larger the stirrup ratio, the greater the shear capacity, as shown in Figure 11 . When the stirrup ratio increased from 0 to 0.335%, the shear capacity increased by 87.7%, indicating that the stirrups have a significant effect when the reinforcement ratio is relatively small. However, the shear capacity increased by only 3.3% while increasing the reinforcement ratio from 0.335% to 0.447%. Figure 10 . Relationship of shear capacity and fiber volume fraction.
For RC beams with high-strength reinforcement, the larger the stirrup ratio, the greater the shear capacity, as shown in Figure 11 . When the stirrup ratio increased from 0 to 0.335%, the shear capacity increased by 87.7%, indicating that the stirrups have a significant effect when the reinforcement ratio is relatively small. However, the shear capacity increased by only 3.3% while increasing the reinforcement ratio from 0.335% to 0.447%. As shown in Figure 10 , the addition of stirrups in SFRC beams could also increase the shear capacity, but it was not as significant as RC beam. When the fiber volume fraction of the beam was 0.5%, 1%, 1.5% and 2%, the shear capacity was improved by 60.2%, 36.9%, 39.3% and 31.6%, respectively. It shows that the effect of stirrup on shear capacity decreases as the steel fiber volume fraction increases. This is because the crack development of the beam with stirrups is further limited by the addition of steel fiber, so that the strains of stirrups are reduced and the effect of stirrups in resisting shear decreases. And the phenomenon can be explained by the mechanical model provided by Amin [15] .
Comparison between the Measured Values and the Calculated Values of the Codes
Comparison between the Measured Values and Calculated Values of CECS 38:2004
The Equation (1) in CECS38:2004 [30] is used to calculate the shear capacity of SFRC beam:
where, Vu is the shear capacity of the beam, Vcf is the shear force provided by SFRC, Vs is the shear force provided by the stirrup, λ is the shear span ratio, ft is the tensile strength of SFRC without Stirrup ratio (%) Figure 11 . Relationship of shear capacity and stirrup ratio.
As shown in Figure 10 , the addition of stirrups in SFRC beams could also increase the shear capacity, but it was not as significant as RC beam. When the fiber volume fraction of the beam was 0.5%, 1%, 1.5% and 2%, the shear capacity was improved by 60.2%, 36.9%, 39.3% and 31.6%, respectively. It shows that the effect of stirrup on shear capacity decreases as the steel fiber volume fraction increases. This is because the crack development of the beam with stirrups is further limited by the addition of steel fiber, so that the strains of stirrups are reduced and the effect of stirrups in resisting shear decreases. And the phenomenon can be explained by the mechanical model provided by Amin [15] . The Equation (1) in CECS38:2004 [30] is used to calculate the shear capacity of SFRC beam:
where, V u is the shear capacity of the beam, V cf is the shear force provided by SFRC, V s is the shear force provided by the stirrup, λ is the shear span ratio, f t is the tensile strength of SFRC without considering the effect of steel fiber (obtained according to GB50010-2002) , b is the section width, h 0 is the effective depth of the section, β v is the influence coefficient of steel fiber (mill-cut profiled fiber 0.9, cut-off profiled fiber 0.6, shear-cut profiled fiber 0.5), f yv is the yield strength of the stirrups, A sv is the section area of the stirrups in the shear span, s is the stirrup spacing in the shear span,
is the characteristic value of fiber content, V f is the fiber volume fraction, l f /d f is the aspect ratio of fiber. Specifically, V cf is affected by the size effect, involved in the models of Spinella [40] and Dinh [41] about the shear strength of SFRC beam without stirrups. But based on the sufficient experimental results, it is stipulated by CECS38:2004 that the size effect can be ignored for the beam with stirrups, and the beam without stirrups whose height is less than 800 mm. The shear capacities of the beams calculated by Equation (1) are listed in Table 3 . The ratios of the measured shear capacities to the calculated values of Equation (1) (V u,exp /V u,CECS ) are between 1.04 and 1.67, as shown in Figure 12 and Table 3 , indicating that the shear capacities of SFRC beams with high-strength reinforcement are not accurately predicted by Equation (1). Therefore, Equation (1) needs to be modified.
The shear capacities of the beams calculated by Equation (1) are listed in Table 3 . The ratios of the measured shear capacities to the calculated values of Equation (1) (Vu,exp/Vu,CECS) are between 1.04 and 1.67, as shown in Figure 12 and Table 3 , indicating that the shear capacities of SFRC beams with high-strength reinforcement are not accurately predicted by Equation (1). Therefore, Equation (1) needs to be modified. From Figure 12 , it can be seen that the Vu,exp/Vu,CECS of the beams without stirrups are all greater than 1.47, while the Vu,exp/Vu,CECS of the beams with stirrups are close to 1. The results show that the shear force provided by SFRC decreases with the increase of the stirrup ratio. Therefore, it is necessary to introduce the influence coefficient of stirrup ratio into Vcf of Equation (1), and Equation (1) can be expressed as From Figure 12 , it can be seen that the V u,exp /V u,CECS of the beams without stirrups are all greater than 1.47, while the V u,exp /V u,CECS of the beams with stirrups are close to 1. The results show that the shear force provided by SFRC decreases with the increase of the stirrup ratio. Therefore, it is necessary to introduce the influence coefficient of stirrup ratio into V cf of Equation (1), and Equation (1) can be expressed as
α is the influence coefficient of stirrup ratio on V cf , and obtained by fitting the experimental results.
The Equations (2) and (3) are used to calculate the V u,exp /V u,Modified of SFRC beams with high-strength reinforcement, and the results are showed in Figure 12 and Table 3 . It can be seen that the shear capacity of SFRC beams with high-strength reinforcement are accurately predicted by the modified equation.
Comparison between the Measured Values and Calculated Values of ACI544.4R
The Sharma's equation [42] is adopted by ACI544.4R [31] for calculating the shear capacity of SFRC beam, expressed as
where, f ts is the splitting tensile strength of the cylinder, and a is the shear span of the beam. The ratios of the measured shear capacities to the calculated values of Equation (4) (V u,exp /V u,ACI ) are between 0.93 and 1.20, as shown in Figure 13 and Table 3 . It is concluded that the shear capacities of SFRC beams with high-strength reinforcement can be calculated according to the ACI544.4R. However, the Sharma's equation is an empirical formula, and not established on an explicit mechanical model. Therefore, when the Equation (4) is applied to practical design, it should be based on enough experimental research.
The Sharma's equation [42] is adopted by ACI544.4R [31] 
where, fts is the splitting tensile strength of the cylinder, and a is the shear span of the beam.
The ratios of the measured shear capacities to the calculated values of Equation (4) (Vu,exp/Vu,ACI) are between 0.93 and 1.20, as shown in Figure 13 and Table 3 . It is concluded that the shear capacities of SFRC beams with high-strength reinforcement can be calculated according to the ACI544.4R. However, the Sharma's equation is an empirical formula, and not established on an explicit mechanical model. Therefore, when the Equation (4) is applied to practical design, it should be based on enough experimental research. 
Conclusions
In this paper, the shear behavior of SFRC beams with high-strength reinforcement was studied. The effect of steel fiber volume fraction and stirrup ratio on the shear behavior were investigated, including the load-deflection curve, concrete strain, stirrup strain, diagonal crack width, failure modes and shear capacity. Finally, the experimental values of the shear capacity were compared with the calculated values of CECS38:2004 and ACI544.4R.
The stress of the high-strength stirrup at service stage is higher than that of the conventional stirrup, and the diagonal crack width is related to the stress of the stirrup. Therefore, the next work is to further study the diagonal crack width of SFRC beams with high-strength reinforcement. The main research contents include verifying whether the diagonal crack width meets the requirements of the design codes at service stage and the calculated model of the diagonal crack width. Besides, the shear mechanism of the combined use of steel fiber and stirrups will be further studied.
Based on the above experimental results, the following conclusions are obtained: 
Based on the above experimental results, the following conclusions are obtained:
(1) Steel fiber and stirrups can increase the stiffness, deflections at ultimate load and failure of RC beams, but the effect of the steel fiber decreases with the increase of the stirrup ratio.
(2) Steel fiber reduces the stirrup strain and the width of the diagonal crack due to the bridging effect at the crack. In addition, steel fiber increases the number of cracks, and reduces the crack height and crack spacing.
(3) Steel fiber increases the shear capacities of RC beams with high-strength reinforcement, but the increase range decreases with the increase of the stirrup ratio. Similarly, the stirrup also increases the shear capacities of the beams, but the increase effect of the stirrup on the shear capacity gradually decreases with the increase of the fiber volume fraction.
(4) The calculated values of the shear capacities of SFRC beams according to ACI544.4R are close to the experimental values, so it can be directly used to calculate the shear capacities of SFRC beams with high-strength reinforcement. The calculated values obtained from the formula in CECS38:2004 are obviously smaller than the experimental values and in good agreement with the test results after the influence coefficient of stirrup ratio is introduced into V cf .
